Hyperthermia causes changes in expression of TGF-ft mRNA and protein in cultured cardiac cells, as well as in the heart in vivo. 12 h after hyperthermia, primary cultures of neonatal rat cardiomyocytes show a two-to threefold decreased expression of TGF-ft mRNAs which returns to control levels by 48 h after heat shock. In cultures of cardiac fibroblasts, expression of TGF-,B mRNAs increases 5-25-fold, 12-48 h after heat shock, while fetal bovine heart endothelial cells show little change in TGF-ft expression after hyperthermia. In each case, mRNAs for TGF-,8s 1, 2, and 3 are regulated similarly. Hearts isolated from rats exposed to hyperthermia show an initial 20-fold decrease in TGF-ft 1 and 3 mRNA levels which return to control levels by 24 h and subsequently are elevated two-to threefold above normal 48-72 h after heat shock; there is little change in TGF-,f2 mRNA. Expression of immunoreactive TGF-,61 and 3 protein, localized intracellularly in myocytes, follows the same pattern as the mRNA expression. By 72 h, some myocytes show hyperstaining for TGF-#1. Staining for extracellular TGF-B1 /3 exhibits the opposite time course, being most intense 3-6 h after heat shock and returning to control levels by 48 h. The increase in TGF-,8s after hyperthermia could play a role in mediating the reported cardioprotective effects of heat shock. (J. Clin. Invest. 1993.92:404410.)
Introduction
TGF-f#s are multifunctional proteins that are expressed in a variety oftissues and that affect cell growth and differentiation, expression of extracellular matrix, immune responses, angiogenesis, and soft and hard tissue repair (1, 2) . Ofthe five highly homologous TGF-,B isoforms, only TGF-,Bs 1, 2, and 3 are expressed in mammalian tissues. In many assay systems the TGF-,B isoforms behave similarly (3, 4) , but some differences in activity are seen in regulating mesoderm induction in Xenopus (3) , and growth and function of endothelial cells (5) , embryonic neurons (6) , and astrocytes (K. Flanders, unpublished observations). In addition, antisense oligodeoxynucleotides to TGF-f3, but not TGF-3s 1 or 2, inhibit epithelial-mesenchymal transformation in embryonic cardiac endothelial cells (7) , Dr . Flanders and Dr. Winokur are co-senior authors of this article.
suggesting that there may be isoform-specific effects of TGF-fls in the heart. TGF-,Bs are expressed in embryonic (8) (9) (10) and adult heart (9-11) and the immunohistochemical staining pattern for TGF-, I protein changes after myocardial infarct in rats (11) . Treatment of neonatal rat myocytes with TGF-l3 can induce the expression of contactile protein genes which are upregulated in hypertrophy (12) and maintain the beating rate ofcells treated with IL-1 (13) . Lefer et al. (14) using a rat myocardial infarct model, also have demonstrated cardioprotective effects of TGF-,B given at the time of reperfusion which results in decreased creatine kinase release from the heart, indicating a lesser degree of cardiac damage.
Hyperthermic treatment, as well as a variety ofother physiological stresses, induce the rapid synthesis of a family of heat shock proteins (HSPs)' which are believed to protect cellular function by removing malfolded proteins (15) (16) (17) . Hyperthermia (18, 19) , ischemia (19) (20) (21) , exercise (22) , treatment with heavy metals (23), and hemodynamic overload (24) all have been shown to induce HSP expression in myocytes. The accumulation and subsequent degradation of HSPs are correlated with the development ofthermotolerance (15, 25, 26) whereby cells exposed to an initial nonlethal stress are better able to withstand a second potentially lethal stress. The mechanisms by which increased expression of HSPs leads to thermotolerance are not well understood. Thus, Donnelly et al. (19) report reduced infarct size in rats subjected to ischemia-reperfusion 24 h after hyperthermia, as compared to controls. Additionally, Karmazyn et al. (27) report that hearts taken from rats 24-48 h after heat shock show a greater recovery ofcontractile force after ischemia-reperfusion in an isolated perfused heart system than do hearts from control rats. As with addition of TGF-,B to the ischemia-reperfusion model (14) , the hearts from heat-shocked animals show less loss of creatine kinase than controls (27) . Both studies indicate that some ofthe protective effects may be mediated by decreased production of oxygen free radicals (14, 27) .
The similarity of the cardioprotective effects of TGF-,B and heat shock suggests a relationship between these two families of proteins. Here we show that hyperthermia changes expression of TGF-fls in cardiac myocytes and fibroblasts, but not endothelial cells in vitro, and that in vivo, the time course of increased expression of TGF-,3s 1 and 3 in the heart after hyperthermia parallels that of the cardioprotective effects of hyperthermia.
Methods
Cell culture. Neonatal rat cardiomyocytes were prepared from the left ventricles of 2-d-old rat pups as described by Roberts et al. ( 13) . Briefly Expression ofheat shock proteins. Cultured cells were subjected to hyperthermia for up to 2 h as described above and then were changed into medium containing 5% of the normal concentration of methionine along with 25 jiCi ["SS]methionine/2 ml per dish (Amersham Corp., Arlington Heights, IL). After a 1-h incubation at 370, the medium was removed from the cells which were then rinsed twice with cold PBS and extracted into sample buffer containing beta-mercaptoethanol (28) . Extracts were sonicated and boiled for 5 min. Equal numbers ofTCA-precipitable counts were run on 7.5% SDS-polyacrylamide gels according to Laemmli (28) . Gels were fixed, enhanced with Enlightening (NEN/Dupont, Boston, MA), dried, and exposed to xray film at -70°. As a positive control for expression of HSPs, cells were treated overnight at 370 in arginine-free medium containing 125 ,ug/ml canavanine (29) . Control cells remained at 37°and were labeled with [3"SI methionine as described above.
Preparation ofRNA and Northern blotting. Total cellular mRNA was prepared from tissues and cultured cells by the method of Chomczynski and Sacchi (30) . 10 tg of total mRNA was electrophoresed on 1% agarose-formaldehyde gels and then transferred to Nytran (Schleicher and Schuell, Keene, NH). After ultraviolet cross-linking, filters were prehybridized, hybridized, and washed at 650 according to Church and Gilbert (31 ) . Insert cDNA probes were labeled with [ 3P]-dCTP by random primed labeling (BRL, Gaithersburg, MD) and in- Immunoprecipitation of radiolabeled TGF-f#s I and 2. Cultured cells subjected to hyperthermia for 2 h were allowed to recover at 370 for various times and then were incubated for 16 h in medium containing 5% ofthe normal concentration of methionine and cysteine supplemented with 300 MCi/60-mm dish of [35S]cysteine. The medium was collected and immunoprecipitated as described by Robey et al. (36) with rabbit anti-human TGF-f1 (37) or rabbit anti-porcine TGF-32 (38) . Specificity was demonstrated by preincubating the primary antibody with 200 ng ofthe appropriate TGF-f3 before using it for immunoprecipitation. Samples were run on nonreducing 10% SDS-polyacrylamide gels which were then fixed and enhanced with 2,5-diphenyloxozole dissolved in DMSO. Gels were dried and exposed to x-ray film at -70°.
Detection of TGF-fOs by immunohistochemistry. Heart and lung tissues were fixed overnight in 10% neutral buffered formalin and then for 4-6 h in Bouin's solution (Sigma Immunochemicals). Tissues were embedded in paraffin and 5-,gm sections were stained using the avidinbiotin peroxidase method with an ABC Elite kit (Vector Labs, Burlingame, CA) as described by Flanders et al. (39) . Rabbit polyclonal primary antibodies used included: anti-CC (1-30-1) raised to a peptide corresponding to the amino terminal 30 amino acids of TGF-01 which stains extracellular TGF-j31 (39) , anti-pre 267-278-1 raised to amino acids 267-278 of the TGF-f13 precursor (40), anti-50-75-2 raised to amino acids 50-75 of mature TGF-j32 (41 ) , and anti-50-60-3 raised to amino acids 50-60 of mature TGF-fl3 (6). Anti-CC 1-30-1 is a total IgG fraction, while the other antibodies were affinity purified against the immunizing peptide and all were used at IgG concentrations of < 3 Ag/ml. In Western blot analysis anti-pre TGF-f1 and anti-TGF-#3 react only with the TGF-f3 isoform to which they were raised. Anti-TGF-02 cross-reacts with TGF-f3 in Western blots, but not in an ELISA. Cross-reactivity of this antibody in tissues under our staining conditions appears to be minimal, since some tissues react with anti-TGF-,B3, but not with anti-TGF-fl2 (42) . Anti-CC (1-30-1) reacts slightly with TGF-33 in Western blots and cross-reactivity in tissues sections has not been ruled out. Specificity controls included using normal rabbit serum IgG at 3 ,g/ml as the primary antibody or incubating the primary antibody with a 20-fold molar excess ofimmunizing peptide before applying it to the section.
Results
Heat shock induces changes in expression of TGF-fOs in cultured cardiac cells. Incubation of neonatal rat myocytes, cardiac fibroblasts, and FBHE cells for 2 h at 41.50 is sufficient to induce expression of HSPs in all three cell types as shown in Fig. 1 . In each cell type, induction ofa HSP of68 / 70 kD is seen after 40 min of heat shock and expression increases through 120 min of heat shock. Cardiac fibroblasts and myocytes also express a 90-kD HSP. As a control, cells were treated with canavanine, an arginine analogue, which also induces expression of HSPs (29) . Canavanine treatment results in elevated expression of the same proteins as does hyperthermia.
Heat shock alters mRNA expression of TGF-#s 1, 2, and 3, and Fig. 2 shows a Northern blot of TGF-j2 hybridization which is representative of the responses of TGF-f 1 and 3 mRNAs. The expression of each of the three TGF-f isoforms follows a qualitatively similar pattern in each cell type, but there are differences between the three cell types. In myocytes, there is an initial decrease in TGF-fl expression at 6-12 h which returns to control levels by 48 h. In cardiac fibroblasts, TGF-f expression increases by 12 h and remains elevated through 72 h after heat shock, while in FBHE cells there is little change in TGF-fl mRNA expression after hyperthermia.
The results of densitometric scans of the Northern blots to determine message levels in treated cells as compared to con- Figure 3 . Changes in mRNA expression of TGF-,3s 1, 2, and 3 after hyperthermia in cultured cells. Densitometric scans of Northern blots generated as described in Fig. 2 for TGF-,Bs 1 (A), 2 (o), and 3 (in) were normalized to scans of ethidium bromide-stained 28 S and 18 S mRNA to account for small differences in loading of gels. To determine the expression relative to control, peak areas of bands from mRNAs prepared from cells recovering from hyperthermia were compared to peak areas of bands from mRNA from cells not subjected to heat shock. Note difference of scale for y axis of fibroblast graph. Fig. 6 . Using an antibody which reacts with the pro region ofthe TGF-#3l precursor, and is likely to stain TGF-(3 at sites of synthesis, there is an initial loss of intracellular staining in the myocytes of heatshocked hearts (Fig. 6 B) as compared to controls (Fig. 6 A) 3-6 h after hyperthermia. By 24 h after heat shock, the intracellular staining begins to increase toward control levels and by 48-72 h some myocytes are also hyperstained (Fig. 6 C) . A negative control where the primary antibody is preincubated with immunizing peptide is shown in the Fig. 6 A inset. Using an antibody raised to a peptide sequence in mature TGF- (31, which stains principally extracellular TGF-fl that is released from cells, there is an initial increase in immunoreactivity at early time points (3-6 h) (Fig. 6 E) as compared to hearts from control animals (Fig. 6 D) . This extracellular staining returns to control levels by 48 h (Fig. 6 F) . The normal rabbit serum IgG control shown as an inset to Fig. 6 D shows that some of the light staining in myocytes with this antibody is also present in the control.
When sections are stained with anti-TGF-f2 there is little difference in expression of TGF-f32 protein between control and heat-shock hearts (data not shown) as predicted from the mRNA data. The staining pattern with the TGF-#3 antibody is similar to, but less dramatic than that seen with anti-pre-TGF-( 1; there is a patchy loss of staining initially which returns to control levels by 48 h (data not shown). Even though TGFJBs 1 and 3 show comparable changes in mRNA expression in the heart after heat shock, the less dramatic difference in immunostaining seen for TGF-33 may be because TGF-f33 protein is not expressed as well after hyperthermia. The 5' untranslated region ofTGF-,B3 has been shown to inhibit its translation (44) and unique sequences in these regions of TGF-fls 1 .sv. . Localization of TGF-# I in heart after hyperthermia. Hearts from rats subjected to hyperthermia as described in Fig. 5 were stained with anti-pre-TGF-# I (A-C) or anti-CC (D-F). There was uniform staining of myocytes in control hearts (A) which was decreased 3 h after hyperthermia (B) and was elevated above control levels in some regions of the heart 72 h after hyperthermia (C). Anti-CC showed extracellular staining in control hearts (D) which was increased 3 h after hyperthermia (E) and had returned to control levels by 48 h (F). There are interesting differences in immunohistochemical staining patterns in the heart when using an antibody raised to a peptide in the pro region of the TGF-i31 precursor (which probably recognizes TGF-f31 at sites ofsynthesis), as compared to an antibody raised to a peptide in mature TGF-13I (which generally localizes extracellular TGF-f 1) (39). The latter antibody also may cross-react with TGF-j33 (42) . The intracellular staining in myocytes detected with both the TGF-3 1 pro region antibody and with anti-TGF-f3, shows an initial decrease after heat shock and then eventually exceeds control staining by h. The extracellular staining shows the opposite response, being highest at early times (3-6 h after heat shock) and then returning to control levels. This increase in extracellular immunoreactivity may represent TGF-3 protein that has been released from cells damaged by heat shock and is subsequently bound to the extracellular matrix. The increase in intracellular staining in the myocytes after hyperthermia is reminiscent of the enhanced TGF-Bl immunoreactivity in surviving myocytes after myocardial infarction in rats ( 11) . In both instances, a subpopulation of cells shows hyperstaining for intracellular TGF-f 1. In each case, the increased production of TGF-j may represent a response to injury that serves to initiate repair of cells damaged by either heat shock or ischemic insult. The increase in TGF-,3 mRNA and protein in the heart after heat shock occurs in a similar time frame to the reported cardioprotective effects of heat shock. Karmazyn et al. (27) have shown that hearts from rats 48 h after heat shock show a greater recovery of contractile force after ischemia-reperfusion injury than do hearts from control rats and Donnelly et al. ( 19) show decreased infarct size in similar experiments in vivo. The report by Lefer et al. ( 14) that TGF-,B administered to rats either before or immediately after ischemic injury, but before reperfusion, decreases the extent of damage to the heart suggests that increased levels of TGF-/3 after heat shock could mediate the cardioprotective effects of hyperthermia. We are currently evaluating this hypothesis by repeating the experiments of Karmazyn et al. (27) in the presence of TGF-f3 antibodies to examine the possible involvement of TGF-f3 in the establishment of thermotolerance. Thermotolerance can generally be defined as the ability of an organism to withstand an otherwise lethal stress due to pretreatment with a nonlethal stress. The stress could result from a number of insults (25, 26 , and references therein) such as hyperthermia, oxidative injury, or treatment with heavy metals, all of which induce expression of HSPs as an acute response. However, the mechanisms by which HSPs generate the more long-term protective effect ofthermotolerance are not well understood. The well-recognized role of TGF-f as a mediator of wound healing and tissue repair ( 1), suggests its increased expression after a perturbation of cellular homeostasis could be beneficial in promoting recovery ofcells from a variety ofphysiologic stresses. This increased expression ofTGF-(s is observed after experimentally induced wounds in heart ( 11 ), brain (49), liver, bone, lung, and kidney (reviewed in reference 50). We propose that the increased level ofTGF-3 seen in the heart after hyperthermia is part of a complex cellular program which establishes thermotolerance and attempts to protect cells from further insult. The exact function ofTGF-f in the thermotolerance program, and its resulting cardioprotective effects, are currently being investigated.
